In this paper we present the new Monte Carlo event generator MCSANCee for simulation of processes at electronpositron colliders. In the current release of the generator the Bhabha scattering (e + e − → e − e + ) and Higgs-strahlung (e + e − → ZH) process are implemented. Based on the SANC (Support for Analytic and Numeric Calculations for experiments at colliders) modules, the new generator takes into account complete one-loop and some higher-order electroweak radiative corrections, all the particle masses and polarizations. The new generator effectively operates in the collinear region and at the production threshold. It is constructed in such a way that new processes can be easily added. The paper contains a theoretical description of the SANC approach, numerical validations and manual.
Introduction
The construction of high-precision theoretical predictions and their comparison with experimental data play a crucial role in solving the problem of applicability of the Standard Model and justifying its structure based on fundamental principles. Implementation of the results of theoretical calculations in an event generator, according to the Monte Carlo method, is an important step of theoretical support for high-precision experimental verification of the Standard Model carried out in modern and future experiments.
Monte Carlo event generators are used to account for detector effects in experimental data and obtain predictions with which these experimental data will be compared. In addition, they can be used to obtain histograms of complex observables and pseudo-observables without rerunning and rewriting the code. One can simply take the generated events and analyze them using programs such as RIVET [1] or ROOT [2] , in contrast to integrators where histograms are often hardcoded.
It is very important to comprehensively take into account the effects of higher orders of perturbation theory due to strong, electromagnetic and weak interactions. An additional option of existing theoretical prediction tools should be the consideration of the beam polarization of future electron-positron accelerators. Provided that both beams are polarized, tests can be performed with unprecedented accuracy, either at the Z pole, or at the WW threshold, or at the peak of the ZH process, as well as at the tt threshold. Accounting for polarization will have far-reaching consequences for studies on the consistency of the electroweak theory, in particular in the Higgs sector.
This paper describes the Monte Carlo event generator MCSANCee, which provides a next-to-leading order (NLO) electroweak (EW) accurate description of some important processes at electron-positron colliders with respect to polarization effects. In the current release of the generator the Bhabha scattering (e + e − → e − e + ) [3] and Higgsstrahlung (e + e − → ZH) process [4] are implemented.
Combination of NLO EW corrections with the effect of polarization of initial particles can greatly improve the precision of theoretical predictions for various observables of the Standard Model processes.
At the tree level, the processes of e + e − collisions with polarization of initial particles are realized in the Monte Carlo programs CalcHEP [5] and WHIZARD [6] designed for efficient calculation of scattering cross sections and obtaining simulated events.
Summing up, there is a necessity for a program code implemented as a generator and accounting for electroweak corrections and corrections of higher orders, with the possibility of expanding the base of processes available for calculation.
The paper is organized as follows. Section 2 contains a brief description of one-loop electroweak calculations in the SANC system taking into account the polarization of initial particles. The structure of the code is described in section 3. The benchmarks against existing tools and calculations are presented in section 4. Summary is given in section 5.
NLO EW corrections with polarization in SANC framework
The calculations are organized in a way that allows one to control the consistency of the result. All analytical calculations at the one-loop precision level are realized in the R ξ gauge with three gauge parameters: ξ A , ξ Z and ξ ≡ ξ W . To parameterize ultraviolet divergences, dimensional regularization is used. Loop integrals are expressed in terms of the standard scalar Passarino-Veltman functions: A 0 , B 0 , C 0 , D 0 . These features make it possible to carry out several important checks at the level of analytical expressions, e.g., checking the gauge invariance by reducing the dependence on the gauge parameter, checking cancellation of ultraviolet poles, as well as checking various symmetry properties and the Ward identities.
Polarization states of initial positron and electron beams can be described by the polarization vectors P e + and P e − , respectively. The amplitude of these vectors represents the polarization degree and varies from 0 to 1. We can decompose these vectors into longitudinal P e ± and transversal P ⊥ e ± parts, as illustrated in fig. 1 . Using helicity amplitudes, we can calculate the matrix element squared of the generic process e + e − → X for an arbitrary polarization state of the positron and electron beams:
where H −− , H ++ , H −+ , H +− -helicity amplitudes with +(-) subscript corresponding to the case when spin of the particle is parallel (antiparallel) to momentum of that particle. Here the first subscript refers to the positron, and the second one to the electron.
In the current version of MCSANCee we implemented only the longitudinal polarization of initial particles. The cross-section of the process e + e − → X at the one-loop EW level can be devided into four parts:
where σ Born is the Born level cross-section, σ virt is a contribution of virtual(loop) corrections, σ soft corresponds to a soft photon emission, and σ hard is a hard photon emission (with energy E γ > ω). Auxiliary parameters λ (fictitious "photon mass" which regularizes infrared divergences) and ω (photon energy which separates the regions of phase space associated with the soft and hard emissions) cancel out after summation. We decided to use the helicity approach for all contributions. It provides us with the possibility to describe in the future: any initial (not only longitudinal) polarization, polarization of final states, spin correlations, polarization transfer from initial to final states. In MCSANCee-v1.0.0 the helicity approach is fully implemented for the Higgsstrahlung process, but for the Bhabha scattering σ hard is calculated using covariant amplitude approach.
Calculations were carried out in the SANC framework [7] by FORM [8] . For optimization we intensively used factorization [9] introduced in FORM 4 and elimination of common subexpressions with temporary variables [10] . The result of calculation was automatically transformed into software modules in the FORTRAN 77 language with the standard SANC interface. Evaluation of loop integrals in the modules is perfomed by Looptools [11] and SANClib packages. These modules incorporating physical calculations can be used in any code that understands the SANC interface.
We used the following parametrization of the phase space ( fig. 2 ).
• The phase space of the 2 → 2 process is parameterized via θ 3 -the angle between p 3 and p 1 in the center-of-momentum (COM) frame of particles 1 and 2;
φ 3 -the azimuthal angle of particle 3 with respect to p 1 .
• The phase space of the 2 → 3 process is parameterized via θ 5 -the angle between p 5 and p 1 in the center-of-momentum frame of particles 1 and 2;
φ 5 -the azimuthal angle of particle 5 with respect to p 1 ;
θ 3 -the angle between p 3 and p 5 in the center-of-momentum frame of particles 3 and 4;
φ 3 -the azimuthal angle of particle 3 with respect to p 5 ;
s -the square of the invariant mass of particle 3 and 4: s = (p 3 + p 4 ) 2 .
This parametrization is compatible with one used in SANC modules. In these variables the cross sections are given by the following phase-space integrals:
for the 2→2 processes and
for the 2→3 processes. Here F 2 = F 3 = 0 for the region of phase-space excluded by kinematic cuts, and F 2 = F 3 = 1 otherwise. According to the SANC agreement, trivial integration over φ 3 for the 2 → 2 processes and over φ 5 for the 2 → 3 processes is performed in module, so we need to take it into account to prevent double counting. 
MCSANCee structure
The MCSANCee is written as a set of modules ( fig. 3 ). In the current realization for work with settings we use a modified version of libucl. All actual settings are stored internally as a 'key':'value' map. Default settings from the schema files, settings from the user input file ( fig. 5 ) and the received throw command line interface are merged together according to priorities (the lowest for default one and the highest for command line). The work with command line is done using header only library CLI11. After all the settings are merged together, they are checked to be valid according to the schema files ( fig. 4 ). If any error is found, the program is terminated with the corresponding error message ( fig. 6 ). As the next step, the Info class calculates all the derived parameters and initializes SANC modules.
For generating unweighted events, according to the differential cross section, and calculating the total integral we use an adaptive algorithm mFOAM [12] that is part of the ROOT program. The event generation procedure can be divided into several stages. At the first stage, mFOAM explores the integrand and produces a grid that divides the whole integration domain into smaller hyperrectangular cells. At the next stage, mFOAM uses the grid to sample over the integration domain, according to the differential cross section, which is provided by the SANC modules written in FORTRAN 77. Then MCSANCee reconstructs momenta of all particles and writes event in output files. In the first release, we support LHEF and ROOT output formats. For sampling we use a multibranching strategy with variable transformation. We implemented two approaches. The first ("manual" approach) is based on manual sampling over branches. For each branch we created a separate instance of the FOAM class. In this case, each branch can use both optimal variable transformation and the optimal FOAM setup. As a consequence, an additional stage is needed to calculate branching weights that slow down the initialization stage of the generator. In the second ("all-in-one") approach, sampling is made using only one instance of the FOAM. Nevertheless, optimal variable transformation for each branch is also available. The FOAM is responsible for sampling over branching. It is performed by creating additional artificial dimension of integral with fixed division points. 
Installation
The ROOT framework must be available at the stage of compilation. There are several opportunities for its installation, e.g., from your distributive repository, from the official site or activate it from CernVM-FS repositories located under /cvmfs. To list all available CMake options with the corresponding descriptions, one can run cmake -LH <path_to_source>
Setup
MCSANCee needs an access to its schema files at run time to work properly. It searches them relatively to installation path. If the generator has been relocated and cannot find schema files, run source init.sh to make it available in current console or export environment variable MCSANC ROOT. For bash shell:
export MCSANC_ROOT=<path_to_root_directory_of_MCSANCee_installation>
The MCSANCee event generator has a multilayer configuration system: default parameters are defined in the program, parameters are provided by a user throw configuration files (higher priority) and command line parameters (the highest priority). Configuration files support json-like syntax and contain general steering parameters for a run, FOAM parameters, kinematic cuts and parameters of the Standard Model. The configuration can be split into several files and included to one file by .include <relative or absolute path to file> command.
Many parameters would be initialized to default value, which you can find in the schema files installed in your system.
However, some parameters like 'pid', 'ecm' do not have default value, so you must provide it manually using a configuration file or command line interface.
By default the program searches for a configuration file that has the name index.conf in the current directory. However, it can be provided by the MCSANCee using the command line parameter '-f'.
The list of command line options: Set second beam polarization -D,--define TEXT ...
Set other settings as list of key:value
Program can be run as mcsancee <option1> <option2> ...
The input file language was built on JSON syntax, so configuration in JSON format is valid. Our input format is less restrictive. The line comments are allowed with # as a separator. Also, opening and closing brackets {, } can be omitted. The parameters are initialized using the key:value or key=value syntax. The type of each key is defined in the schema files. If a user provides a float value for integer keys, he raises an error.
Persistency
MCSANCee can use FOAM capability to save the constructed grid to disk and use it later for MC production skipping the exploration step. It is convenient to use precomputed grid to run several instances of the MCSANCee event generator in parallel to speed up the calculation. In this case, each instance of MCSANCee must be initialized with a different pseudorandom number generator seed. To turn off exploration step, the explore[Born,Virt,Hard] parameter must be set to false. In this case, MCSANCee tries to search for a grid file in the running directory and starts generation in the case of success. In the case of "all-in-one" approach, the only one grid is used for matrix element and it is controlled by the exploreHard parameter.
LR asymmetry
The MCSANCee event generator has a special mode helping to get smooth distribution for LR asymmetry. In the case when alr parameter is set to 1, events are generated according to the difference between the cross sections σ RL − σ LR for polarized initial beams. In the case when alr parameter is set to 2, events are generated according to the sum σ RL + σ LR . After generation of both the samples is completed, one can make a histogram for LR asymmetry by dividing histograms for these special samples bin by bin. 
Configuration

Process parameters
Numerical results
In this section, we present numerical results obtained by means of MCSANCee for NLO EW corrections to the cross sections of the Bhabha and e + e − → ZH processes with different polarization of initial particles.
For numerical validation we worked in the α(0)-scheme and used the following set of input parameters [13] : 
For the Bhabha process the scattering angles θ e − and θ e + of the final electron and positron were restricted by the conditions | cos θ e − | < 0.9 and | cos θ e + | < 0.9. No restrictions were applied for 4-momenta of the final particles in the e + e − → ZH process.
The results for the Bhabha process are shown in tables 1-3, and the results for the e + e − → ZH process are shown in tables 4-6 for centre-of-mass energy √ s values of 250 GeV, 500 GeV and 1000 GeV. We present the numbers for the Born-level cross-section σ Born , the contribution of hard photon emission σ hard , the sum of Born, virtual and soft photon contributions σ B+v+s , the total one-loop cross section σ 1-loop , and the relative correction δ that is defined as
The numbers are shown for 4 possible combinations of polarizations of the initial e + and e − , assuming these particles to be 100%-polarized. The cross sections values for arbitrary longitudinal polarization can be obtained with these numbers using the first row of eq. 1.
We calculated σ 1-loop using values ω = 10 −6 √ s 2
and ω = 10 for the e + e − → ZH process to check the stability of one-loop cross sections with respect to the choice of the photon energy that separates the phase space regions associated with the soft and hard photon emission.
We compared our results for σ Born and σ hard with the corresponding numbers produced with the help of the CalcHEP and WHIZARD programs and obtained good agreement. For this comparison we used a version of CalcHEP with quadruple precision (16 bytes), provided to us by its authors. Calculation by WHIZARD was performed with the extended precision (10 bytes) option. Also, in the unpolarized case, we have agreement for σ B+v+s with the results of aITALC [14] for the Bhabha process and of Grace-Loop [15] for the e + e − → ZH process.
As can be seen from the tables, the size of corrections strongly depends on the polarization of initial particles for both the processes.
One can notice that for the e + e − → ZH process the Born level contribution is zero in the case when the initial particles have (−, −) or (+, +) polarizations. In these cases, the only nonzero contribution to the NLO EW cross section is due to the real emission that does not contain soft photon singularities for these polarizations and we can set ω = 0. 
Summary
The MCSANCee Monte Carlo event generator is a new tool for studying the processes at e + e− colliders. It can produce unweighted events at the one-loop EW precision level taking into account polarization of the initial particles. The generated events can be saved in LHEF and ROOT format. Table 6 : MCSANCee results for the cross sections σ Born , σ hard , σ B+v+s and σ 1-loop of the process e + e − → ZH and relative correction δ for √ s = 1000 GeV and various polarizations of the initial particles. For comparison, the numbers for σ Born and σ hard obtained by means of CalcHEP and WHIZARD are given as well.
